The effect of hot isostatic pressing (HIP) treatment on high-temperature low cycle fatigue (LCF) behaviour of γ precipitation strengthened nickel-based superalloy MAR-M247 was studied. Microstructural observations revealed coarse-grained dendritic structure with an average grain size of 2.1 mm. Distribution and size of casting defects were assessed on cross sections of both HIP treated and untreated MAR-M247. Shape and size of precipitates were documented. Vickers hardness tests did not reveal differences between both materials. Untreated specimens were cyclically strained under total strain control at 900
Introduction
Components of aircraft engines, turbochargers, power generation facilities, such as turbine blades and vanes, operate at high temperatures under complex cyclic and sustained loading. There is a strong requirement to increase the performance of power units. Advanced design and lighter constructions are one of the feasible possibilities to increase the efficiency of these devices. Another way is an increase of operating temperatures [1] . However, this requires the application of more durable and also costlier materials. In this regard, nickel-based superalloys have evolved into complex alloy systems with exceptional high-temperature strength, creep resistance, and fatigue behaviour [2] [3] [4] [5] [6] [7] [8] [9] . Second-generation polycrystalline cast superalloy MAR-M247 becomes a perspective material that satisfactorily covers the needs of small power facilities and aircraft engines, and in the near future, it may fully replace material IN713 LC used so far. MAR-*Corresponding author: e-mail address: sulak@ipm.cz -M247 was developed by Martin Marietta Corporation in the 1970s [10] . The microstructure of this precipitation strengthened nickel-based superalloy consists of the γ matrix, and of intermetallic γ (Ni 3 Al) precipitates. Outstanding mechanical properties, oxidation resistance and structural stability at elevated temperatures are achieved through the appropriate combination of alloying elements [11] . The high content of tungsten ensures the stability and strength of the solid solution γ. The addition of tantalum and hafnium improves mechanical and thermal stability of γ precipitates. Moreover, hafnium contributes significantly to the grain boundary strengthening [4, 12, 13] . A chemical composition as well as solidification variables and multiple heat treatments immensely influenced microstructure and mechanical properties [2, [14] [15] [16] [17] and resulted in applications of the alloy at temperatures up to about 1038
• C [18] . Gas turbine components made of MAR-M247 are usually produced by investment casting technique [14, 19] and subsequently heat treated [15, 16, 20] . Investment casting involves certain problems in terms of casting defects that cause perceptible scatter and reduction in fatigue life [8, 21, 22] and can also significantly reduce the strength of the material. Incorporating hot isostatic pressing (HIP) technology in the production process leads to a reduction of porosity, shrinkages, and voids [23] [24] [25] . Despite the high precision and modern procedures, it is not possible to completely eradicate the casting defects [26] . In service, many critical turbine parts are subjected to repeated elastic-plastic straining as a result of heating and cooling during start-up and shutdown periods. Therefore, high-temperature low cycle fatigue (LCF) behaviour of material is considered to be an important area of interest. Thorough understanding of LCF damage behaviour is necessary to guarantee the safe design of components [27] [28] [29] [30] . The present study reports the LCF behaviour of HIP treated and untreated MAR-M247 at 900 and 950
• C. Special attention is devoted to cyclic strain localization and fatigue crack nucleation using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Experimental procedure

Materials
Polycrystalline nickel-based superalloy MAR-M247 was supplied in the form of casting rods by PBS, Velká Bíteš, a.s. [18] . The diameter and gauge length of test specimens with button ends used for clamping in special hydraulic grips was 6 and 15 mm, respectively. The gauge length was mechanically ground to final roughness R a = 0.4. Some specimens were electrolytically polished to facilitate surface relief observations. The average grain size obtained by linear intersect method is 2.1 ± 0.3 mm. The typical coarse-grained dendritic structure is shown in Fig. 1 .
LCF testing
Three-zone resistance furnace controlled by three channels controller was used to heat test specimens to the required temperature. Temperature monitoring was performed using three thermocouples attached to both specimen ends and at the upper part of the gauge section. In addition, a control thermocouple was mounted at the lower end of the gauge section. During experiments, the temperature was kept constant at these locations in the interval of ± 1.5
• C. Test specimens were cyclically strained in an electro-hydraulic testing machine MTS 810 controlled with digital electronics Teststar IIs. The HIP treated material was tested at 900 and 950
• C whereas the untreated material only at 900
• C for comparison. All tests were performed in a push-pull cycle under total strain control conditions. The longitudinal deformation was measured and controlled by an extensometer with a gauge length of 12 mm attached in the middle of specimens. The extensometer was equipped with ceramic extensions so that its sensitive electrical portion was located outside the furnace and held at a constant temperature by compressed air. Cyclic loading was carried out at a constant strain rate of 0.002 s −1 in a symmetrical fully reversed cycle (R ε = -1). Test control and data recording were provided by an MTS Company program. For a selected number of cycles, equal approximately to geometric progression (20 values per decade), digital forms of hysteresis loops (about 400 pairs of stress and strain) were recorded in an electronic memory. In addition, the control program evaluates the stress amplitude and the values of peak and valley stress and strain in each cycle particularly. The plastic strain amplitude equal to the half of the hysteresis loop width at the mean stress was evaluated later with a separate program using recorded hysteresis loops. The number of cycles to fracture N f was de-termined as the number of cycles elapsed at the time of accomplishment of the criteria (σ m /σ a ) = -0.3 (σ m is the mean stress, and σ a is the stress amplitude) or at the time when the fracture occurred before the completion of the test criteria. It corresponds to a fatigue crack extended approximately to half of the specimen circumference.
Microstructural characterization
Selected cross sections of fatigued and unfatigued specimens and fracture surfaces were observed using a fully PC controlled SEM with Schottky field emission cathode in combination with gallium Focused Ion Beam (FIB) column and with Gas Injection System (GIS) TESCAN LYRA 3 XMU with a maximum resolution of 1.2 nm at 30 kV. EDS detector Oxford XMAX which is built in the microscope was used for local chemical analysis. Gallium focused ion beam served to prepare thin lamellae to observe precisely defined locations on the surface. Thin lamellae and oriented foils were observed in transmission electron microscope Philips CM12 STEM with point-to-point resolution 0.3 nm, using goniometer of large tilting range (± 45
• main tilt and ± 20
• transversal tilt) with a special focus on dislocation structure investigations and clarifying low cycle damage mechanisms of MAR--M247 at high temperatures.
Results
Microstructure and defects
The microstructure of the polycrystalline material MAR-M247 is shown in Fig. 1 . It comprises coarse dendritic structure typical of cast alloys. Figure 2 shows details of the microstructure of the HIP treated material in a section perpendicular to the specimen axis. The arrangement and size of γ precipitates in dendritic arms differ from those in interdendritic areas. Fine cuboidal precipitates with the average edge size of 0.5 µm are found in dendritic arms while coarse (up to 5 µm) precipitates having a more complex shape are present in interdendritic areas as can be seen in Fig. 2a . Besides, spherical nanoprecipitates with a radius of 20-50 nm have been observed within the matrix (see Fig. 2b ). Complex carbides (MC-type) containing hafnium and tantalum have been revealed in interdendritic areas at the interface of fine and coarse precipitates (see arrows in Fig. 2a ) and at the grain boundaries. Also, M 23 C 6 and M 6 C carbides containing mainly chromium and tungsten have been observed in agreement with literature data [31] . The volume fraction of precipitates and carbides morphology are independent of HIP treatment. During LCF tests, no directional coarsening of γ precipitates was observed. A thin layer of the precipitates free (depleted) zone was observed close to the surface of fatigued specimens of both HIP treated and untreated materialsee Fig. 3 . It is conspicuous that the depleted zone is developed as a result of the formation of a complex aluminium and chromium rich oxide surface film. This oxide film helps to protect the material against further degradation in aggressive high-temperature environments. However, once the crack is initiated, the protective oxide film is impaired and the crack surface depleted zone develops by the same mechanism. The oxide film, subsurface precipitate free zone and also depleted zone in a vicinity of the crack growing perpendicularly to the specimen axis are shown in Fig. 3a . Figure 3b shows relative concentrations of decisive elements (namely O, Al, Cr, and Ni) in the vicinity of the specimen surface and crack surface. The precipitates free zone varies in thickness with increasing temperature and is approximately up to 8 and 12 µm at 900 and 950
• C, respectively. A similar reaction to high-temperature exposition was documented previously on different IN713 LC alloys [32, 33] . Casting defects (shrinkage pores) of the HIP treated and untreated material are shown in Fig. 4 . Their maximum size reaches 0.62 mm for the untreated material, and 0.18 mm for the HIP treated material. The size, as well as distribution and number of defects, have a strong impact on mechanical properties. To assess an incidence of casting defects three cross sections of a total area of 11.7 cm 2 were analysed. Defects were approximated by an ellipse, and the main ellipse axis was used to determine the maximal linear size of an individual defect [8] .The dependence of the frequency of casting defects versus the linear size of defects is shown in Fig. 5 . There is no doubt that HIP treatment not only reduces the size of these defects but also diminishes their amount.
Dislocation structure
Dislocation structure of both materials (HIP treated and untreated) was studied on selected speci- mens fatigued with different strain amplitudes to failure at 900 and 950
• C. TEM observations revealed pri- marily areas with regular distribution of cubic precipitates in the matrix -see Fig. 6a . In some places, coarse oval-shaped precipitates were also found in accord with SEM observations (Fig. 6b) . Regardless treatment and test temperature both materials reveal similar dislocation behaviour. Figure 6 shows TEM micrograph taken from specimen cycled at high plastic strain amplitude. Figure 6a captures dislocation arrangement in an area with fine cubic precipitates. Dislocations are evenly spaced in the γ channels and only rarely in the γ precipitates. Figure 6b shows a different location of the same grain with coarse precipitates. The situation is similar as in the area of fine precipitates. Dislocations are again homogeneously distributed in the γ matrix channels and only rarely in the γ precipitates. Specimen tested at low strain amplitude reveals some common features. Areas with coarse precipitates were similar with those observed in high amplitude domain. Only low dislocation density was observed in the gamma chan- 6 nels in areas with fine cubic precipitates as is apparent from Fig. 7 . Figure 7 shows planar bands going through dendritic grains parallel to the primary slip planes {111} (indicated by arrows) observed only at 900
• C. The bands contain fringes present only in the γ precipitates and not in the γ matrix. The fringes can be identified with antiphase boundaries formed by a/2 < 101> dislocations shearing the γ precipitates. Tensile tests reveal slight differences in tensile properties of both materials (see Table 1 ). The Vickers test was used to determine the hardness of materials. Hardness tests were carried out on five randomly selected places at room temperature. The average hardness of both materials is shown together with standards errors in Table 1 . No perceptible difference in Vickers hardness between both materials can be seen in Table 1.
Fatigue hardening/softening and cyclic stress-strain curves
Fatigue hardening/softening curves in the representation of the stress amplitude σ a versus the number of elapsed cycles N are shown in Fig. 8 for both materials and temperatures. Figure 8a shows fatigue hardening/softening curves obtained at 900
• C for untreated MAR-M247. It can be seen that the material has a stable stress response in the domain of low amplitudes and slight softening is observed for high amplitudes. Figures 8b,c show fatigue hardening/softening curves at 900 and 950
• C, respectively for material MAR-M247 treated by hot isostatic pressing technique. The character of the hardening/softening curves is similar at both temperatures. For low amplitude domain saturated stress response is apparent while softening can be seen at high amplitudes. The softening is accentuated with increasing strain amplitudes.
Cyclic stress-strain curves (CSSCs) of MAR-M247 were plotted in the form of the stress amplitude σ a versus plastic strain amplitude ε ap at half-life. The cyclic stress-strain curves are shown in Fig. 9 in a bilogarithmic representation for both materials and both temperatures. The experimental data of σ a vs. ε ap were approximated by the power law:
where K is the cyclic hardening coefficient and n is T a b l e 2. LCF parameters of HIP treated and untreated MAR-M247 at 900 and 950 the cyclic hardening exponent. These parameters were determined by regression analysis for each material and temperature and are given in Table 2 . It can be seen that the CSSC of HIP treated material at 900
• C is slightly shifted to higher stress amplitudes in the low amplitude domain in comparison with the untreated material. Furthermore, an increase in temperature from 900
•
C to 950
• C results in a reduction of stress response for HIP treated material. The reduction is approximately 100 MPa in the whole range of applied amplitudes.
Fatigue life curves
Fatigue life curves were determined as the total strain amplitude ε a , plastic strain amplitude ε ap , and stress amplitude σ a (both latter characteristics at half--life) versus the number of cycles to failure N f . The fatigue life curves in the representation of ε ap versus N f are shown in a bilogarithmic plot in Fig. 10 . Experimental data were approximated by the Coffin-Manson equation expressed in the form [34] :
where ε f is the fatigue ductility coefficient and c is the fatigue ductility exponent. These parameters were determined by non-linear regression analysis and are listed in Table 2 . Figure 10 compares Coffin-Manson life curves of untreated material tested at 900
• C, and HIP treated material tested at temperatures of 900 and 950
• C. It is apparent that experimental points of the treated material strained at temperatures of 900 and 950
• C lie close to each other. At a temperature of 900
• C, untreated MAR-M247 has a considerably lower fatigue ductility exponent in comparison with HIP treated superalloy. In the high amplitude domain, the fatigue life of the untreated material is sufficiently lower than that of the treated superalloy.
Fatigue life curves in the representation of stress amplitude σ a versus the number of cycles to fracture N f are plotted in Fig. 11 . The Basquin law expressed in the form [34] :
was applied to fit experimental data. The fatigue strength coefficient σ f and the fatigue strength exponent b were evaluated using non-linear regression analysis, and their values are shown in Table 2 . It can be seen from Fig. 11 that the Basquin curve for HIP treated MAR-M247 at 900
• C is shifted to a higher lifetime in comparison with untreated material. The shift at 10 2 and 10 5 cycles is approximately 200 and 100 MPa, respectively. With the increase in temperature from 900 to 950
• C, the fatigue life of HIP treated material is reduced by about 5 times while within experimental scatter the fatigue strength exponent is the same for both temperatures. The total strain can be written as the sum of the elastic ε ae and plastic deformation ε ap [35] :
where E is Young's modulus. Substituting σ a from Basquin law (Eq. 3) and ε ap from Coffin-Manson formula (Eq. (2)) we get the following equation:
which can be used to estimate the number of cycles to fracture under total strain control conditions. Figure 12 illustrates experimental data of the total strain amplitude versus a number of cycles to fracture for both materials tested at 900 and 950
• C. Fatigue life curves shown in Fig. 12 were acquired from Eq. (5) after substituting the parameters listed in Table 2 . An average value of Young's modulus was used for the specific material at a particular temperature (161 and 169 GPa for untreated and treated material at 900
• C, respectively, and 159 GPa at 950
• C for treated material).
3.4.
Fracture surface observation Figure 13 shows SEM micrographs of typical fracture surfaces of both materials after fatigue tests performed at 900
• C. Figure 13a shows multiple initiations of fatigue cracks in the vicinity of casting defects near the surface and in bulk (see black arrows) of untreated MAR-M247 tested at 0.19 % of total strain amplitude. Subsurface fatigue crack initiation from a casting defect inside the HIP treated specimen is depicted in Fig. 13b . The initial subsurface crack propagation without access of air resulted in the so-called fish eye. The specimen was strained at total strain amplitude of 0.19 %.
Fatigue crack initiation was observed in areas with coarse precipitates or at the interface of fine and coarse precipitates, where many MC, M 6 C and M 23 C 6 types of carbides are formed (see Fig. 2a ). An example of this kind of fatigue crack initiation is apparent in Fig. 3a showing section parallel to the loading axis in a specimen fatigued to fracture at 950
• C. The crack nucleated at the surface grows initially across the coarse precipitates and then propagates at the interface of fine and coarse precipitates. Later the crack propagates even through the structure of fine precipitates. Figure 14a shows a fatigue crack initiated at the grain boundary. At first, the crack grows along the grain boundary and later it changes to transcrystalline propagation. Figure 14b shows cracks initiated at carbides present in the specimen surface layer. High-temperature exposition causes carbides oxidation which results in the formation of stress concentrators and, consequently, fatigue cracks can nucleate (see Fig. 14b ). 
Discussion
Microstructure
In the present study, high-temperature low cycle fatigue of HIP treated and untreated MAR-M247 was studied. The microstructure of HIP treated and untreated MAR-M247 comprised strengthening phase heterogeneously distributed in γ matrix (Fig. 2a) . Areas with fine γ precipitates with preponderantly cuboidal shape and areas of coarse γ precipitates of more complex shape found in the present work are consistent with recent research [7, 8] . During LCF tests high-temperature exposure does not lead to directional coarsening of γ precipitates indicating high stability of the alloy even at very high temperatures which is determined by a specific chemical composition stabilizing γ matrix as well as γ precipitates. Moreover, coarse and fine γ precipitates impose a resistance to the movement of dislocations, which are at high temperature predominantly concentrated in the γ matrix channels (Fig. 6) . Carbide particles were observed mainly in the form of script and chains along grain boundaries and in interdendritic areas in accord with previous data [36, 37] . It was found that HIP treatment results in substantial reduction of casting defects both in size and the amount in comparison with the untreated material (see Figs. 4 and 5) in agreement with earlier works [8, [23] [24] [25] [26] . Tensile tests at 900 and 950
• C and Vickers hardness test at room temperature of both material sets do not indicate a considerable change in tensile and hardness properties (as shown in Table 1 ) that can be addressed to casting defects. However, the detrimental effect of casting defects is more pronounced when alternate loading is involved -see section 4.3.
Cyclic deformation behaviour of MAR-M247
In the present work, it has been found that cyclic behaviour of MAR-M247 is closely related to the testing temperature, strain amplitude, and HIP treatment. Fatigue hardening/softening curves (Fig. 8) show that regardless temperature of cycling (900 or 950
• C) two areas can be distinguished. High and medium amplitudes result in cyclic softening whereas low amplitudes lead to stabilized stress response. Nature of cyclic deformation behaviour of nickel-based superalloys is particularly determined by the interaction between dislocations and γ strengthening phase. Precipitates are an effective barrier to the movement of dislocations. However, cutting of precipitates by a/2 < 110> dislocation pairs and slip bands formation is a well-known softening mechanism and was observed in a number of superalloys [5, 12, 34, [38] [39] [40] .
Planar bands going through dendritic grains parallel to the primary slip planes {111} were observed in the present work (see Fig. 7 ). Planar band characteristics indicate the presence of antiphase boundaries formed by shearing γ precipitates with a/2 < 110> dislocations. The motion of this dislocation leaves behind a crystal structure of the γ matrix unchanged. The present results agree with the deformation mechanism reported previously on nickel-based superalloy polycrystals and single crystals [41, 42] . Further detailed study is needed to reveal the role of the planar bands in plastic strain localization and superalloy damage.
Fatigue life
Present results show that the fatigue life in the Coffin-Manson representation is almost temperature independent for the HIP treated material in the temperature interval of 900-950
• C. The different slope in the Coffin-Manson curve of untreated and hipped superalloy at 900
• C suggests different deformation mechanism. Crack initiation from large defects and subsequent growth accelerated by crack linking with defects is the dominant mechanism in untreated material. In HIP treated superalloy, it was shown that in addition to casting defects fatigue cracks also initiate in interdendritic areas and dendritic grain boundaries and at oxidized carbides -see Fig. 14 . Early fatigue crack initiation at large defects in untreated material results in the shift of fatigue life curves to lower fatigue lives in comparison to HIP treated superalloy in the Coffin-Manson, Basquin, and total strain amplitude representation (see Figs. 10-12 ). Significant scatter in experimental data of untreated material could be attributed to random size and distribution of casting defects in agreement with previous results [21, 22] . The Basquin curve strongly depends on temperature -see Fig. 11 . The increase in temperature from 900 to 950
• C results in a reduction of the fatigue life, e.g. for the stress amplitude of 300 MPa the fatigue life reduces about 7 times.
Summary and conclusions
The second generation HIP treated and untreated nickel-based superalloy MAR-M247 was cyclically strained to failure at 900 and 950
• C. Based on the LCF tests, experimental data analysis and SEM and TEM observations, the following conclusions could be drawn:
1. Hot isostatic pressing treatment applied to material MAR-M247 resulted in a reduction of the average linear size of casting defects from 0.62 to 0.18 mm.
2. MAR-M247 exhibits significant heterogeneity of gamma prime precipitates. Areas with the regularly arranged structure of cubic precipitates in the matrix and areas with roughened precipitates having oval--shaped morphology are observed in the both material conditions.
3. Dislocations are arranged primarily in the γ matrix channels. Regardless the strain amplitude higher dislocation density is observed in areas with coarse precipitates in comparison with those of fine cubic precipitates. Planar slip bands containing antiphase boundaries are present in a specimens tested at 900 5. Fatigue cracks nucleate predominantly at the surface in the vicinity of casting defects. Some cracks were formed in areas with coarse precipitates or at the interface of coarse and fine precipitates and also at grain boundaries and carbide inclusions.
